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SUMMARY 



Tli9 study of stability and control of airplanes by 
means of dyxiaraic scale models in the KACA 12-foot free-- 
flip;ht uind tunnel is described. Preliminary tes^s of 
a 1/12-scale model of tlio P-36A airplane were used to de- 
velop the testin,^,' technique and to afford a comparison 
of tests of a model in the tunnel v;ith flight tests of 
the corresponding airplane, <iual i tat i vely , the general 
behavior of the model v/as in agreement v/ith the behavior 
of the airplane, but, quantitatively, the longitudinal 
stability of the model \ra?: greater than that of the air- 
plane and the aileron control v^a^ somewhat weaker. This 
quantitative di sa^^^reemen t is probably a result of local 
separation due to the low Reynolds numbers of the tests, 
which affects a direct comparison with full-scale tests 
but which should not vitiate comparisons of different mod- 
els or modifications to a given model. It is believed 
that ^ the free-flight tunnel affords a useful means of de- 
termining the relative stability and control characteris- 
tics of different models and that it will be particularly 
useful in the development of new airplane designs. 

i:t:'roductioit 



The advancement of the art of designing airplanes, 
particularly new types, that will have desired flying 
characteristics has long been handicapped by the complex- 
ity of, stability and control theory and by the current 
unpredictable nature of .some of the fundamental deriva- 
tives involved. Realizing the advantage of being able to 
study stability and control problems with a free-flying 
model in the controlled conditions of a wind tunnel, the 
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NACA in 19:-:7 coinpleted. t.he development of a 5-foot froe- 
f light v;ind tunnel and in 1939 constructed the present 
12-foot free-flight wind tunnel in which a dynamic model 
may oe flo-.-m under control. Variation of any dimension 
of the model cr.n he readily accomplished and the effect 
on the flyir.g qualities can he determined* Models of pro- 
posed airplanes can also be inspected and undesirable 
stability or con-^.rol characteristics can be discovered 
r,nd corrected in the initial design stages. 

This report describes the operation of the 12-foot 
free-flight v/ind tunnel and presents some results obtained 
v/ith a 1/12-scale model of a P-35A airplane equipped v;ith 
a motor and a pro]jeller for povrer-on tests. A comparison 
of these results v/ith full-scf-le flight tests of the P-Z5A 
airpl^.ne is given and discussed in some detail. The short 
comin--s, as v/ell as the usefulnass, of the tunnel are thus 
evalur.tod. 



FACA 12-FOOT PiREJ^-FL I G-HT TJmZL 



The HAOA f ree-f 1 i..:;h t tunicel is a cimple open-return 
tunnel of octagonal cross section, 12 feet vride at the 
throat and 32 focit lo^r-gc A drav/ing of the tunn'ol is given 
in figure 1. The tunnel :s so arranged that its longitu- 
dinal axis, and thus the air stream, may be inclined at 
different angles to the horizontal. A hydraulic Jack pro- 
vides control over the tunnel an,-^le. Suitable guide vanes 
and screens are installed in the entrc-.nce cone of the tun- 
nel to insure uniform air-flow distribution. The housing 
is spherical; so the relation of the tunnel to the v/all 
does not vary with tunnel an,'j:lec The tunnel is equipped 
with a. voltage control for the propeller-drive motor that 
provides an extremely flexible air-speed reguJ.ation. A 
photograph of the t e r3 1 section of the tunnel showing a m.odel 
being adjusted bei'^ore fligxit is given in figure 2(a) and a 
model in flight is shovrn in figure 2(b) • 

A tunnel operator stationed at the side of the tunnel 
test chamber adjusts tho air speed in the tunnel to the 
speed cf the model and accommodates the tunnel angle to 
the flight-path angle of the model. The operator thus 
controls the longitudinal and the vertical location of the 
model in the tun:.el. This operator also controls the 
power input to the model for pov/ered flight. 
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The direction of fli-?ht of the model or the lateral 
position of the model in the tunnel is controlled "by a 
"pilot" v;ho operates the normal airplane control surfaces 
by means of electromagnetic mechanisms in the model. The 
pov^er is supplied to these mechanisms,, as v:ell as to the 
model propeller-drive motor, through a light flexible cable 
that trails behind the model. 

The pilot is the principal observer because he has 
control of the model and can detect deficiencies in sta- 
bility or control. The pilot's observations ^ive a direct 
qualitative indication of the stability and control; rec- 
ords from three 35-millimeter moving-picture cameras mount- 
ed to photograph the motion of the model in three mutually 
perpendicular planes supply quantitative data, on the sta- 
bility characteristics of the model and its response to 
control displacements, ileon lamps in the common field of 
the three cameras indicate the control displacement. 

The tunnel may be operated at air speeds from 0 to 
SO feet per second and can accommodate ^.^lide angles of 
400 or climb angles of 15*^. The operating technique will 
be illustrated by describing a typical take-off. Assume 
that the desired test is to be made at crui r: ing-cpeed 
level flight. The model rests on the floor v/ith the wheels 
locked to prevent rolling and with the elevators set at 
the proper angle for the desired flight. Power is supplied 
to the model propeller and the air speed in the tunnel is 
slov/ly raised. The tail of the model rises and, when the 
estimated flight speed and flight power are reached, the 
pilot moves the elevator up mom.entarily to overcome tiie 
ground effect, and the model rises to the center of the 
tunnel. If the estimated air speed and pov/er are correct 
for the particular elevator setting, little further adjust- 
ment is required for steady flight. The pilot then flies 
the model in the test section and notes the stability and 
the response to control movements. 



SYMDOLS 



W v/eight 

S ^vin>: area 

b wing span 

t t ime 
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P period of oscillation 

V velocity 

Cl lift coefficient 

Gj^ drag coefficient • 

8a. aileron deflection 

6^ elevator deflection 

6^, rudder deflection 

a angle of attack 

j4 angle of tank 

G an^^le of pitch 

P angle of sideslip 

^ ■ angle of yaw 

yawing-momen t coefficient 

^n^ directional sta'bility (rjC^/9p) 

p rolling velocity 

q pitching velocity 

r yawing velocity 

X longitudinal position 

y lateral position 

z vertical position 

Ix moment of inertia about X axis 

ly moment of inertia about Y axis 

I2 moment of inertia about Z axis 
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MODSL 



The niodeis used in tlie f r e e -f 1 i{^^ht tunnel are dyna-mic- 
scale models of the corresponding airplane*, The normal 
span used is ahout 40 inches, vrhich estaolishes a normal 
scale ratio of about 1:12 for single-engine airplanes. 
For this size model, it is possible to obtain the correct 
wei^^ht and the v/ei<5ht distribution by usin^ practically 
solid balsa win^s v/ith a hollow bals.a fuselage. The elec- 
tric drive motor for the ]propeller weighs about as much, 
in proTDortion, as the airplane engine plus the disposa- 
bio load; so the mass factors v;ork out correctly* T.iie 
particular details to be considered will be shown in the 
following description of the Ciyrtiss ?-o6A airplane model, 
v/hich has been tested in the tunnel for development of 
testing technique and correlation with full-scale test re- 
suits. , . • . 

The dynamic model of the P-36A airplane uf^ed in the 
investigation was 1/12 scale and was constructed of balsa. 
A three,-view draxving is given in figure 7j and a photograph 
taken before the motor was installed is reproduced as fig- 
ure 4, The dimensional characteristics of the airplane 
are given in table I. In preliminary tests made before the 
motor was installed in the model, the direct scaled-dov/n 
values of weight and m-oment of inertia v;ere used. After 
ins tci-llat ion of the motor and the propeller, hov^ever, the 
weight of the model slightly increased and the moments of 
inertia v/ere correspondingly increased so that the model 
then c or re sponded • to the airplane flying at an altittide 
of 6000 feeu. The v/ing loadings and. the momen tr of-inert ia 
errors are given in table Ilr The genare^l relations of 
the dinensions, the mass, and the m.otion:^ of dynamically 
similar airplanes are given in table Hi. The relations 
for the l/12~scale model are also shown. 

I n p 0 v e r - o ii t e f^'. t s , t h e r. o el p r o p e 1 e r w a. s driven by 
a direct-current electric motor capable of delivering l/S 
horsepo\7er at 15,000 rpm. The power was controlled b'^ 
varyihs the input volta^^e from 10 to 150 volts. A.^ear 
rati'o of 2.44:1 ^a?5 used between the motor fuid the propeller 
so that the V/nD ratios of the m.odel -would approximate 
those of the airplane. The propellers ^ere not exact 
scale' models of the airplane propellers but were two-blade 
woo'den propellers of the correct diame.ter, selected because 
they were easily obtained in the quantities requit'ed. On 
account of the nature of the tests, in which crashes were 
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freouent, 20 propellers were required to comx^lete the 
tests. This departure from true scc^le v/as accepted "be- 
cause other tests had shov/n that the effect of power on 
the stahility and the control of an airplane is primarily 
a function of thrust loading. The thrust was directly 
computed from the difference oetween the tunnel angles 
required for flight v/ith power off (propeller removed) 
and power on at the same air speeds v/itnout c oni:^ iderat ion 
of the jjropeller characteristics. 

The controls were operated "by three special electro- 
magnetic mechanisms, one for each control* A view show- 
ing a typical installation of the motor and the control 
mechanisms is given in figure 5. Each mechanism consists 
of a spring-centered clapper-type armature mounted hetv/een 
v/ound cores so v/ired that the clapper may "be abruptly 
pulled to either core. The clapper is connected to the 
control surface through push rods and "bell cranks in such 
a manner that the desired control may "be abruptly moved 
to a definite setting as needed. The time that the con- 
trol is held deflected is varied to suit the disturbance 
to "be corrected or to produce a desired motion. 

The angular velocities of the model are from three 
to five times faster tho.n those of tl.e c or r f ^= pond ing air- 
plane, as indicated in table III; split-second timing on 
the part of the pilot is therefore necassary to control 
the model, Experience v;ith a graduated control system 
shov/ed that, because of the quick response required, the 
pilot rarely used partial deflection of the control stick 
but usually used full control and varied the time of de- 
flection. The abrupt-deflection mechanism produces the 
sane effect and provides a simple and a satisfactory con- 
trol system. 

The neutral setting of the control surfaces may be 
varied on the ground to change the trim as needed, and the 
mechanism linkage may be varied to chan^^^e the control 
movement obtained. The aileron and the rudder mechanisms 
are wired to a single control stick through selector 
svfitches that permit actuation by the stick of either con- 
trol independently or both controls simultaneously. The 
elevator mechanism is wired to a separate stick operated 
by the left hand of the pilot. The trailing wire that 
conducts povrer to the mechr^nisms and the motor consists 
of nine or more separate conductors braided int^ a single 
unit. The v;ire weighs less than 1 percent as much as 
the model and is attached to the model at the bottom of 
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the fuselage near the center of gravity. The effect of 
this vrire on the characteristics of the model has not 
"been determined, hut it is believed to "be small. 



In the free-fli.^ht tunnel, the P-36A model v/as tested 
v/ith the conditions shown in tahle !!• The elevator de- 
flections v/ere varied over a range necessary to permit 
flights from the high speed of the tunnel dov/n to the 
stalling speed of the model. With the propeller installed, 
the power v/as varied from zero (windmilling condition) to 
the maximum ohtainahle v;ith the motor, which corresponded 
to 600 thrust horsepov/er for the airplane. The dynamic 
longi tudinal-st ability characteristics were observed for 



each condition and the period of the oscillations deter 



mined from motion-picture records of the motion. The 



longitudinal control was . de t erm ined by photographing the 
motion of the model for- abrupt pull-ups and push-downs. 
At the stalling speed, observations were made of the be- 
havior of the model following a stall. 

The lateral-stability tests consisted of direct ob- 
servations of the control-fixed behavior of the model and 
a study of the response to various control movements. The 
spiral-stability characteristics were determined by care- 
fully trimming the model laterally and noting the tendency 
to diverge in either direction following a slight change 
in bank. Lateral oscillations were disclosed most readily 
by abruptly deflecting the rudder. The correlation of 
stability and control was studied by attempting to fly the 
model on a fixed course, correcting for deviations due to 
gustiness and other causes. For this test the ailerons 
and the rudder were used together and then separately. 
Finally, the ailerons were used alone with the rudder free 
to aline itself v;ith the air stream. 

The lateral-control tests consisted in abruptly de- 
flecting the ailerons or the rudder and recording the mo- 
tion. These tests were made only for conditions that 
could be compared directly with flight. For the compari- 
sons with the flight tests, all the data for the model 
have been corrected for scale to correspond to the air- 
plane. H.ecords of equilibrium conditions in steady side- 
slips were obtained for only the landing condition. Ailer 
ons and rudders v;ere set against each other for trim and 
the resulting sideslip and bank angles were measured. 



TESTS 
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The data for the flight comparisons were taken from 
an unpublished report on the flying qualities of the 
P-36A aLrplane as measured hy the NACA. Supplementary 
information of a qualitative nature used in the present 
report was obtained from observations of NACA pilots. 

RESULTS AND DISCUSSION 
Longitudinal Stability and Control 



Static stability." The. static longitudinal control 
and stability characteristics as indicated by the elevator 
deflection required to trim at different lift coefficients 
are shown in figure 6 with flaps up and landing gear up 
and in figure 7 v;ith flaps down and landing gear down. 
The data are given for various amounts of thrust horsepower 
as indicated. It will be seen that power has a marked ef- 
fect on the elevator deflect ions required for trim. This 
result has been found from other tests to be caused by the 
reduced static stability and the increased elevator effec- 
tiveness v^ith pov:er on. 

The data from the free-flight tunnel are compared with 
corresponding flight test data in figure 8. The comparison 
indicates a rather large scale effect on the elevator de- 
flection rec-uired to trim; the free-flight-tunnel results 
indicate greater stability for all conditions than is shown 
by thf" flight data. The only agreement is in the fact 
that botli sets of tests shov/ a marked reduction in stabil- 
ity dre to power. The large static stability of the model 
is attributed to the low scale of the tests in vhich the 
flow conditions over the v/ing and the tail surf aces are dif- 
ferent from those in the full-scale tests; the model prob- 
ably he.s a thicker boundary layer than the full-scale air- 
plane over the rear portion of the wing together v/ith some 
local separation. This separation could pct^sibly be re- 
duced by the use of wing slots or more favorable low-scale 
wing sections and v/ill be given consideration in future 
tests. 

The lift and the drag characteristics of the model 
deternined from flights in the tunnel are given in figure 
9 and are compared with corresponding?; data from test3 of 
a l/5--scale model in the 7- by 10-foct tunnel. The slope 
of the lift curve agrees v/ell with the large-scale tests, 
but the usual effect of scale on maximum lift and drag 
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coefficients is evident* The use of a v/ing slot in the 
tests of the model in the free-flight tunnel would extend 
the lift curve to a higher atigle of attack and would give 
comparable values of maziraum lift coefficients. Further 
research is necessary, however, to develop a slot that 
v/ould extend the angle-of-at tack range without affecting 
the pi tching-moraent characteristics. 

Dy naiii i c s t Pvb i 1 i t y > - The dynamic longitudinal s tatiil- 
ity of the F-36A model in the free-flight tunnel was quite 
oh jec tionalDle. At speeds ahove 130 miles per hour an un- 
stalDle oscillation was noticeable, as shown in figure 10. 
As the speed decreased, the damping increased. The period 
of the oscillation for different air speeds is shown in 
figure 11. The straight line in the figure is an empiri- 
cal average of the period of the phugoid oscillation for 
various airplanes as measured in flight. The period for 
the F-36A airplane was not measured in flight, hut it is 
helieved that the periods of the phugoid oscillation would 
he represented f airier vrell hy the line shov/n. It appears, 
therefore, that the oscillations in the free-flight tunnel 
as measured are not the normal phugoid oscillations hut 
are the result of conditions peculiar to the model. The 
decrease of the period v;ith increasing air speed suggests 
a form of control-free motion that has been encountered in 
flight with other airplanes hut not with the P-35A. This 
oscillation is a function of elevator weight, inertia mo- 
ments, and friction, as well as of "the aerodynamic charac- 
teristics, Ko attempt v/as made to approximate the scale' 
m.ass factors for the elevator on the model because it was 
thought that the model condition represented the condition 
vrith controls fixed. The sm.all amount of play in the sys- 
tem, hov;ever, may. have been sufficient to make the mass 
factors important. iB'urther research v/ill be necessary to 
clear up this point. 

The P-36A model was particularly sensitive to dis- 
turbances in pitch at high speed, and continuous use of 
the elevator was necessary to maintain flight for pov/er on, 
as well as for pov;er off. The airplane pilot did not find 
this condition to be true in flight tests. The difference 
is probably due to the higher pitching velocities associat- 
ed with the small-scale model. (See table III.) 

S levator maneuvers . - The effectiveness of the eleva- 
tors in changing the. attitude of the model in the free- 
flight tunnel was investigated by making push-dov;ns and 
pull-ups from steady flight in the tunnel. These tests 
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were made with flaps and landing gear up. A typical set 
of data is sho\>rn in figure 12. The pitching velocity per 
degtee of elevator deflection has been computed for dif- 
ferent air speeds and is plotted in figure 13. Maximum 
angular velocities were quickly reached in the free-flight 
tunnel tests, v;hich v/ere made with a relatively small 
elevator deflection. In the flight tests of the airplane, 
large elevator deflections were used and maximum veloci- 
ties v/ere not reached; a comparison between tunnel and 
flight elevator maneuvers is therefore not possible. 

S talli n g; characteristics .- The stalling characteris- 
tics of the model were observed throughout the tests for 
the various conditions. In all cases the rolling was 
violent follov/ing the stall and continued flights were not 
possible in the stalled condition. The stalling speed was 
much higher, relatively, in the tunnel than in flight be- 
cause the low scale of the model tests caused the stall to 
occur at ?u much lower angle of attack. In the fl'ight 
tests of the airplane, the stall was sudden and violent and 
could be produced with very little warning. This conclu- 
sion agrees with the free-flight tunnel observations. 

Lateral Stability and Control 

Spiral s tab ili ty . - In the free-flight tunnel, spiral 
instability is indicated by the tendency of the model to 
incroasB the sideslip velocity and the angle of bank when 
it is given a slight initial angle of bank and the con- 
trols are fixed. It is necessary to have the model in 
perfect lateral trim during this test. For conditions 
near neutral stability, either slightly stable or unstable, 
the rates of convergence or divergence are small so that 
it becomes difficult to determine the stability, the ef- 
fect being an apparently wide band of conditions for neu- 
tral stability instead of the theoretically narrow range. 

The P-35A model in the tunnel with the flaps up and 
the landing gear up appeared to be spirally stable over 
the speed range flov/n for any condition of power. The re- 
quired use of the lateral controls to maintain steady 
flight was normal. V/ith the flaps down and the landing 
gear down, however, a marked spiral instability was en- 
countered that made continued flights difficult because 
of the constant need for lateral control. Any slight dis- 
turbance would result in a rapid increase in angles of 
bank and sideslip that had to be corrected quickly to " 



KACA Technical ITote No, 810 



11 



avert a crash* V/ith the rudder free the spiral instahil- 
ity v/as improved, prol^ahly "because of a reduction in di- 
rectional stability ^^nQ^» amount of control re- 
quired of the pilot v/as'^^reduced. An increase in speed 
and pov/er likewise reduced the spiral instability. 

In the flight tests of the airplane, the spiral sta- 
bility was not directly determined, but the general be- 
havior of the airplane agrees v:ell v/ith the free-flight 
tunnel observations. In flight the effect of dihedral 
was small throughout the flight range but was reasoilably 
well correlated with the fin area except at lov; speeds, 
flaps dov/n. At these speeds, the dihedral was not suf- 
ficient to raise a wing, A decrease in effective dihedral 
is generally associated with a decrease in spiral stabil- 
ity. 

Lateral oscillations .- The characteristics of the 
lateral oscillation with fixed controls may be determined 
in the free-flight tunnel by deflecting the rudder abrupt- 
ly and then returning it to neutral. Ordinarily several 
cycles may be recorded before the model reaches the tun- 
nel wall. VJith the P-06A model in the tunnel, however, it 
was difficult to obtain long records because the model 
v/ould move rapidly following a large rudder deflection and 
would not oscillate noticeably with a small deflection, 
indicating that the oscillations were v;ell damped. Con- 
sequently, only a few records were obtained in which the 
period of the lateral oscillation could be determined. A 
comparison of the periods of oscillation of the model with 
the periods determined in flight tests of the airplane is 
given in figure 14. The tunnel data are in reasonable 
agreement with full-scale data, although the points are 
slightly below the flight curves. The flight tests also 
showed that the oscillations v;ere well damped, reducing 
in amplitude to one-half in less than one cycle. 

Lateral control .- The ailerons and the rudder were 
investigate, in the tunnel as a coordinated lateral-control 
system and individually as a means for prodiicing angular 
velocities. iB'irst, the ailerons and the rudder were elec- 
trically interconnected so that a single movement of the 
control stick v;ould produce a movement of both the ailer- 
ons and the rudder abruptly and fully to a predetermined 
deflection. The ratio and the amount of the deflections 
could be varied by changing the control linkage before the 
tests v/ere started. It was therefore possible to determine 
the amount 01 aileron control necessary for adequate con- 
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t rolla"bil i ty and also to determine the amount of rudder 
necessary to avoid noticea'ble sideslipping. The ailerons 
and the rudder v/ere also tested separately as a means of 
control, and the resulting changes in heading and in bank 
were measured* In a final test the rudder control rod 
was disconnected so that the rudder v/as free to aline it- 
self with the air stream and the model was controlled with 
the ailerons alone. This test was rather severe "but was 
useful in revealing conditions of low directional stabil- 
ity. 

The ratings of the P-36A model for different methods 
of control are given in table IV. The ratings are based 
on experience obtained with the models of a number of cur- 
rent airplanes and with several experimental types. The 
lateral control was considered excellent for all condi- 
tions of power, flaps, and landing gear when the rudder 
was properly coordinated with the ailerons. It was found 
that about one-half the aileron travel available on the 
airplane gave adequate control and a rudder deflection of 
8°, or about one-fourth the available travel on the air- 
plane, was sufficient to avoid noticeable sideslipping at 
the lov:est air speeds. With some other models it has been 
found necessary to use the full travel available for sat- 
isfactory'' control; so it seems that the P-26A control 
should be entirely satisfactory. These findings agreed 
in general with the full-scale tests in which it was found 
that the response to rudder, ailerons, or elevator in 
normal flight was entirely adequate. 

For the ailerons used alone in the tunnel with the 
rudder fixed, the control was satisfactory for all condi- 
tions except at the lowest speeds with pov/er on, with 
flaps up and landing gear up. In this condition the ad- 
verse yawing v/as objectionable. In the airplane tests it 
v/as also noted that at low speeds with flap up the fin ef- 
fect gradually tapered off so that large adverse yawing 
was noted. 

A typical aileron maneuver is given in figure 15 for 
the model with landing gear down and flaps down and with 
the propeller removed. The data were taken from photo- 
graphic records of the motion following abrupt right ailer- 
on deflection followed by abrupt left aileron deflection 
for recovery. The rolling velocity reached a maximum one- 
sixth second after the ailerons were deflected. This re- 
sult agrees well with the scaled value obtained with the 
airpia^ne. The sideslip angle was computed from the angle 
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of yav/ and the lateral velocity in the tunnel* Similar 
records were obtained for various other conditions and 
the naximum rolling velocities were computed. 

The data are summarized in figure 16 and compared 
v/ith flight-test values. There was a considerable scat- 
ter of the data owin^ mainly to the inability to obtain 
steady conditions before application of the control. The 
P-36A model v/as particularly difficult to hold steadily 
in one position. The average values are about 30 percent 
lov/er than the flight values for the airplane. The val- 
ues v/ith flaps dov/n were somewhat higher than the corre- 
sponding ones with flaps up. 

Control with rudder alone v/as difficult, if not im- 
possible, in all cases with the model in the tunnel. 
Abrupt application of the rudder alv/ays caused the model 
to drop to the floor of the tunnel because of the diving 
moment accompanying sideslip. With flaps down, lateral 
control by rudder alone was impossible for any pov/er con- 
dition because a low wing could not be raised by the use 
of the rudder, although a rudder deflection from a level 
attitude v/ould produce roll. V/ith the airplane in flight 
at minimum speed v/ith the flaps down, if a wing dropped, 
the airplane would continue to turn tov/ard the low wing 
against full opposite rudder. A pronounced diving tend- 
ency v/as likewise noticed in flight. 

.■ith flaps up, control with the rudder was improved 
particularly with power on, but the improvement was not 
sufficient to insure continuous flight. A slightly banked 
wing could be picked up with rudder alone, as shown in 
figure 17. In this run, the model was initially banked 
to the left 6^ and was sideslipping to the left. A rudder 
deflection of 18° eventually succeeded in reversing the 
direction of bank and the lateral motion. The yawing ve- 
locities produced by various amounts of rudder are given 
in figure 18. A close agreement is shown with the air- 
plane yawing velocities determined in flight. 

'..'ith the rudder free to float and with ailerons used 
alone for lateral control, good control was possible only 
v/ith flaps down. In fact, v/ith flaps down the control ap- 
peared to be better at low speeds v/ith the rudder free 
than with the rudder fixed. Although this result appears 
to be contrary to the normal conception, it is probably 
explained by the reduction in the control requirement be- 
cause of the improvement in spiral stability obtained by 
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freeiii,^ t::.e xn'lc.er. "-'i^li. flaps up, freoin-; the rudder 
made f 1 igh t s . iirpo 3 s i b 1 e , particularly at the lowest speeds 
with pov^er on. The large angles of sideslip accompanying 
use of the ailerons for latera]. control mf?de recovery im- 
possible in the space availahle in the tunnel. A flight 
comparison is not availalDle for this condition. 

3 1 e £A.j B id e s 1 ip s . - It is possihle to make steady 
sideslips in the tu.nnel "by setting the rudder over vari- 
ous amounts and hy trial, trimming the model with opposite 
aileron. The model will fly in a henked and a yawed at- 
titude. It was possible to obtain a direct comparison 
v/ith flight tests of the airplane for the flap-dovm, power- 
off condition. The comparison is jriade in figure 19 and 
it can be seen that fair agreement was obtained. The rud- 
der de.flections for different amounts of sideslip agree 
v/ell^as do the results for the radder maneuvers, but the 
aileron deflections required are higher for the model, in- 
dicating either lower aileron effectiveness or greater di- 
hedral effect on the modelc The previous results of the 
aileron tests indicate that the aileron moments v^ere the 
probable cause of the disagreement. The angles of bank 
and the effect of sideslip on elevator position required 
for flight at the same air speed agree well with flight 
value s • 



COITCLUDIIIG HEMALKS 



The study of the stability and the control character- 
istics of a 1/13-scale model of the P-36A airplane in the 
NAGA frec-flight tunnel served to develop the testing 
techniuue and to afford a comparison of tests of a model 
with flight tests of the corresponding airplane. In gen- 
eral, the behavior of the model was in fair agreement with 
the airplane, although quantitatively the longitudinal 
stability of the model was found to be greater than for 
the airplane and the ailerons v.;ere sojaev/hat weaker. The 
rudder effectiveness shov/n for the model agreed well with 
that for the airplane. 

The increased longitudinal stability and the decreased 
aileron control of the model are attributed to local sepa- 
ration of the air flow over the rearward portion of the 
wing as a consequence of the low Reynolds numbers of the 
tunnel tests. It is believed that in future tests this 
separation may be reduced and the results improved by the 
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"j.se cf wing slots or speciv^.l airfoil sections on the model 
The slots \^joulC. also be helpful in e:ctending the angle of 
attack and the lift coefficient at v/hich stalling occurs. 

Althovi;h the quantitative disagreements with full- 
scale data are appr ec iabl e » it is helieved that, with an 
understanding of their nature, magnitude, and direction, 
correct general conclusions may he drawn from the nodel 
datr- regarding the stability and the control of the air- 
plane represented, particularly where the relative merits 
of different modifications are desired. The free-flight 
tunnel should he very useful in the development of nev/ 
airplane designs • 

Langley Memorial Aeronautical Laooratory, 

National Advisory Committee for Aeronautics, 
Langley Pield, Va. , April 18, 1941. 
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I 

DIMEirSIOlTAL CHAEACTEniGT ICS OF TITS OUHTISS F--35A AIHPLAITB 

Pratt & Whitney £-1330-^17; gear ratio, 3S2 
Ilor ser;07;r;r - 

Tak3-off, at 2700 rpa 1200 

Cli/nbing, at 2550 rvm 1050 

Cruising, at 2225 rpm 700 

Pr Q-oeller : 
Type - 

Curtiss electric, three-olad.e 

Diameter, ft 10 

Blade-angle settiu/;; at 40 in. - 

Lov;, deg 22 

High, dog 47 

V/eight : 

2nipt:/, lb 4504 

Uormal gross. It--- 5750 

Moncnts of inertia^ 

Landing gear dov/n - 

IX. slug"ft2 2100 

ly, slug-ft^ 4500 

IZ, slug«ft^ 5910 

Landing gear vp - 

IX, slug-ft^ 2020 

ly, slug-ft^ 4477 

1.2 , slug-I t^ 6028 

Center of g'ravity* 

Landiiig gsar down - 

Bac!«^ of ying leading edge, in. 24.0 

Percent of KcA.C. 26*7 

Belnv/ thrust line, in. 4.85 

Lauding gear up 

Baci: of v;ing leading edge, in, 25.5 

Percent of MoA.G. 28.6 

Belovr thrust line, in. 3.45 

0 vo r - al 1 d i :n o n s i 0 n r. ; 

Len;th, ft 29 

Height (flying attitude), ft 9 

Wing loading W/S, lb per sq ft 24.1 

V/ing ; 

Area^, sq ft 236 

Span, ft 37.3 

Aspect ratio 5.9 

Airfoil sections - 

197 in. from center line of fuselage riACA 2209 

At the root, 1. 645 ft below thrust line NACA 2215 
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TABLE I COHTIIIUSD 

V/ ing : 

Dihedral , deg 

Taper ratio 

M.A.C. , ft 

Sv/eeplDack at v/iri;?; leading edge 

Angle of King setting, deg 

Flap: 

Area*^, sq ft 

Type - 

Partial split 

Travel, deg dov/n 

Span ^ - 



Percent "b 

Chord ^, ft 

Aileron : 
Area ^ - 

Sq ft 

Percent S 

Type - 
Slotted 

Travel - 

Deg up 

Deg down 

Span - 

Ft 

Percent h 

Maximum chord ^, ft 

Balance area, so ft 

Tail: 

Horizontal - 
Area - 

Sq ft 

Percent S 

Center of gravity to hin/;f;e line (landing gear 

up) , ft 

Angle of tail setting, deg 

Span, ft 

iiilevator area ^, sq ft 

Maximum chord ft 

Travel - 

Deg up 

Deg down 

• Above thrust line, ft 

Elevator "balance area, sq ft 



6 

2.5:1 
6.80 
1^19 ' 
1 

34. 80 



45 

19.70 
52. 6 
1.76 



14.06 
7.8 



24 
11 

13.88 
37.2 
1.19 
4.24 



48.00 
20.3 

17.6 

2 

12.80 
15.40 
1.69 

28 
25 
1. 66 
3. 80 



See footnotes at end of table. 
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Tail: 

7c r tied - 
Area - 

Sq ft 20.74 

Percent S 8.78 

Center of ^-ravity to hin;^e ]-ine (landing ^ear 

up) , ft ■ 17.75 

Span, ft 5.13 

F-udder balance area, so ft 1.94 

Eadder area^, sq ft 11.80 

Travol , deg right or left 30 

Area a"bove horizontal tail, sq ft 16.26 

Span a'bove horizontal tail, sq ft 3.90 



^Includes ailerons and portion of vring through fuselage. 

^Includes only area "back of hinge line. 

^Does not include gap "beneath fuselage. 

"^Includes area through fuselage. 

TAB1.S II 



TEST COITDITIOIIS OF TIi3 l/12-SCALS MODEL OP THE P-36A AIEFLAiTE 



Land- 


Flaps 


Power 


V//3 
(It/ 
sq ft) 


Center of 


MoEieiit- 


of-inert ia 


e rror 


ing 
gear 






grevi'i? 
(percent 
M . A . C . ) 


AIx 

(percent ) 


i AIv 

j 

; (percent ) 


Liz 
(percent) 


Down 


... 

Down , 
up 


, , 

Of f ^ 


1 

2. 20 


86.7 


1.6 


! -5.8 

i 


5.1 


Up 


-do — 


-do- 


2.05 


£3.6 


4.3 


i -2.1 

! 


10.0 


Down 


Down 


On 


2.48 


26,7 


-.a 


1 -16.6 

i 


2.0 


Up 


up 


-do — 


2.35 


28. 5 


-4.7 


1 -15.8 

i 


0 



-Percentage deviation irorii correct scaled values. 
sPower off corresponds to propeller removed. 
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TAILS III 



DYHAMIC EELATIOUSHIPS 

[For dynamic s j' m il ar i 1 7 the given relations hold, where. 
11 is the scale ratio.] 



Linear dimensions-- 

Area 

Volume and weight 

Moments of inertici 

Wing loadings W/ 3 

Linear ve loci ties 

Linear accel era t ions 

Angular veloci t ie b 

Angular accelerafc ions- 
Propeller speed 

Hor s epower 

V/nD 

Heynolds nui^iber 



General 



IT 

N 

Constant 

1 /Vf 



7/3 



Constant 

|-3 / 2 



1/12 scale 



1/12 

1/144 

1/1728 

1/248832 

1/12 

1/3.465 

1 

3.465 

12 
3.4S5 

1/5936 
1 

1/41.6 



TABLE 17 

FLYING QTJALITIES OF THE l/l2~SGALS MODEL OF THE CURTISS P-36A AIPJIANE 



Condit ions 


StalDilityi 


Control^ 


Land- 


Flaps 


Pov/er 


Cl 


Longi- 


Spir al 


Ailer- 


Ailer- 


Ailer- 


Hudder 


ing 








tudinal 


sta- 


ons and 


ons 


ons 


alone 


gear 








stabil- 


bility 


rudder 


alone , 


alone , 












ity 






rudder 


rudder 












[ - 






fixed 


free 




Down 


Down 


Off 


1 

1.00 


B- 


D 


A 


B- 


B 


D+ 


Do~ 


-do — 


-do — 


. 35 


D 


D+ 


A 


A- 


A- 


Do-- 


-do — 


On 


1.00 


B 


C 


A 


B 




D 


Do — 


-do-- 


-do — 1 


.35 


C- 


C+ 


A 


A 






Up 


Up 


Off 


. 65 j 


0 


A j 


A 


B- 


C+ 




Do-- 


-do — 


-do — ! 


.35 i 


D 


A 


A 


B- 


D 


Do — 


-do-- 


On ! 


. 65 j 


3 




A 


C 


D+ 


C 


Do- 


-do — 


-do — j 


. 3 5 i 


C- 


1 


A 


A 


C 



gi A, stable; B, slightly stable; C, neutral; 



Stability rating; 
uns table . 

Control rating: A. excellent; B, fair; C, poor; D, flight impos- 
sible. 
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Office 
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i^odei shop 



L ongifudinal cross section 



Moyie Comer Qs -71 rModei in flight 



Tunnel operator — 
controls nftci) 
and air speed 



^itctimg 
a^is Mdt. 




Trailing control 



Section A-A 



02 s 10 

Scale in ft 



Supporting 
fr^mc 



Figure. / — N A CA I 2- foot trge - t/ight wind tunnel. 



lAOA Tftolmioal lota lo. nO rig. 3 




Figure 2a. -View of the test section of the free-flight tunnel showing a model 
being adjusted before flight. 




Figure 2b.— View of the test section of the free-flight tunnel looking upstream 
throught the propeller 5 showing a model in flight iinder test. 
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Figure 5.- View of a typical control-raechanigm installation in a model. 
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Figs. 6, 7, 10* 
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- Propeller removed 
-Power off (windmill ing) 
-Zero thrust 
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-340 thp extrapolated 
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Figure 6.- Static-stability 

characteristics 
of a 1/12-scale model of a 
Curtiss P-36A airplane test- 
ed in the NACA free-flight 
tunnel. Landing gear up; flaps 
up; center of gravity. 28.6 
percent M.A.C. 



.7 .6 .5 
Lift coefficient, Cl 



-Propeller removed 
' Power off (windmill ing) 
' Zero thrust 
■ 480 thp 

-960 thp extrapolated 




Figure 7.- Static- stability 

characteristics 
of a 1/12-scale model of a 
Curtiss P-36A airplane test- 
ed in the NACA free -flight 
tunnel. Landing gear down; 
flaps Ab^ down; center of 
gravity, 26.7 percent M.A.C. 
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Figure 10. -A typical 

longitu- 
dinal oscillation of 
a 1/12-scale model of 
a Curtiss P-36A air- 
plane showing the dis- 
placements with time. 
Landing gear up; flaps 
up; propeller off; 
Cl= 0.58. 
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(b) Landing gear down;flaps 45^ down; center 
gravity, 26. 7 percent M.A.C. 
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Frame number at 32 per sec 

Figure 12.- A tvpical push-down maneuver of 
a 1/12-scale model of a Curtiss 
P-36A airplane showing the displacements with 
time due to 5^ abrupt elevator deflection. 
Landing gear up;flaps up;level-flight power; 
Cl- 0.61. 

Figure 8.- Elevator deflections required to trim at 
^ — different lift coefficients for a P-36A 

airplane in flight compared with a l/12-scale model 
in the free -flight tunnel. 
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Angle of of foe k, ci,deg 
Figuird 9.- Lift and drag characterietic* of a l/12"6cale model 

of the curti88 P-36A airplana tested in the free- 
flight tunnel compared with thoee of a l/5-8cale model tested 
in the 7-by 10-foot tunnel. Landing gear up; flaps up; propel- 
ler renoYed. 
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Figure 11.^- Period of the longitudinal oscillation of a l/l2-«cale 

model of the Curtiss P-36A airplane com;^ared with the 
empirical value of the phugoid oscillation derived from teste of a 
nujnber of airplanes. 
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Figure 13.- Elevator ef f ectiveneee 
in producing pitching 
velocity of a l/ia-soale model of 
a Curtisa P-36A a.lrplane. landing 
gear up; flaps up. 
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Figure 14.- Period of latsral 
OBuillation of a 
P-36A airplane in flight com- 
pare'i. with free-flight-tunnel 
data of a l/l2-acale modal. 
Power off. 



1.2 l,0 .8 .6 .4 .^ 

Liff COS fficien f , 
Lariding gear down,* flaps 45° down 
Landing gear up; flaps up. 
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Rudder d^fl ec.fi on , 6r. ,deg from fr'im 
(a) Landing? gear up; flaps up; power on. (b) lauding gear 
up; flaps up;power off (windmllling) . (.c) landing gear 
down;flapB 45° down; power off (windmilling) . 
Figure 18.- Kf f ectlveness of the rudder in producing yaw- 
ing velocity of a P-36A airplane in flight 
compared vith free-f light-tunnel data of a l/l2*scale 
■odel. Cl • 0.65. 
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Figure 15. -A typical abrupt aileron maneuver of a 

1/12 -scale model of a Curtiss P-36A air- 
plane shoTAiing the displacements with time due to 
abrupt aileron deflection. Landing gear down;fl.aps 
450 down; propeller removed. Cl=^ 0.58. 
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Figure 16.- Aileron effect- 
iveness of a 
1/12-scale model of the Cur- 
tis? T=^-36A airplane compared 
with the airplane measured 
by steady rolling veloc-o 
it.ies in abrupt aileron 
maneuvers. Deflection, 75 ^-i^ 
percent ; power on and off^c 
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Figure 17.- A typical 
abrupt 
J. rudder maneuver of a 
^ 1/12-scale model of 

a Curtiss P-36A air- 
0 plane showing dis- 
placements with time 

CO - • 

/ 0 due to abrupt rudder 
deflection. Landine; 
gear up; flaps up; 

'-^ power off ;Cl- 0.65. 
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Figure 19.- Steady sideslip characteristics of a P~36A 

airplane in flight compared with a 1/12-scale 
model tested in the free-flight tunnel. Flaps down;Land- 
gear down; power off (windmilling) ; Cl= 1.0. 
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